We present a novel active mixing method in a microfluidic chip, where the controlled stirring of magnetic particles is used to achieve an effective mixing of fluids. To perform mixing, the ferromagnetic particles were embedded and manipulated under the influence of a rotating magnetic field. By aligning the magnetic beads along the magnetic field lines, rod-like structures are formed, functioning as small stir bars. Under higher flow conditions the particles did not form the typical rod structure but rather formed aggregates, which were even more beneficial for mixing. Our system reached a 96% mixing efficiency in a relatively short distance (800 mm) at a flow rate of 1.2-4.8 mm/s. These results demonstrate that our mixing method is useful for microfluidic devices with low aspect ratios and molecules with large molecular weights.
Introduction
Rapid mixing in microfluidic channels is difficult due to laminar flows. Mixing of flows is dominated by diffusion, meaning a sufficient channel length is needed for complete mixing.
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Mixing problems can broadly be divided into two classes: passive and active mixing. Previous studies have suggested that active mixing is more effective than passive mixing. 6 Recently, both passive and active mixing devices utilizing beads in microfluidic channels have been introduced. 7, 8 In this article, we demonstrate active mixing in a microfluidic device based on the controlled stirring of magnetic particles. Through the use of pneumatic valves, the particles were retained to a designated region in the device. Since magnets and an electrical stirrer were used to generate a rotating magnetic field, the chip size and aspect ratio could be down-scaled. Magnetic particles in the microfluidic chamber rotated by following the changing magnetic field pattern. The controlled magnetic stirring of the particles showed a more efficient mixing than passive mixing would have.
Experimental Chip design and microfabrication
The design of the microfluidic device for chaotic mixing is outlined in Fig. 1 . The microfluidic device consists of two layers. The bottom layer is a Y-shaped channel containing the mixing chamber and barriers. The channel is 100 mm wide and 10 mm deep. The chamber is 35 mm deep and the space above the bead barriers is 3 mm. The barriers are located in the three channels around the chamber to keep the beads in place, except for the particle solution inlet channel. The top layer has pneumatic channels (100 mm wide, 12.5 mm deep) and valves (300 mm Â 550 mm Â 12.5 mm) to control the fluid. The chip was fabricated by using standard multi-layer soft-lithography.
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Device operation
The device operation was described elsewhere. 11 The rotor from a commercial stirrer was used to rotate the magnetic particles. The outer cover of the stirrer was removed and two NeodymiumIron-Boron magnets (NdFeB, Magtopia, Gumi, Korea) were placed onto the rotor. The whole setup was then placed under a fluorescent stereo microscope (SV-6, Zeiss Optics, Jena, Germany) equipped with a Peltier cooled CCD camera to monitor the changes in the flow patterns (see Fig. S1 in the ESI for details †).
Mixing experiment
To monitor mixing, a fluorescent solution was obtained by dissolving fluorescein isothiocyanate dextran, 30 mM (FITCdextran, MW 70000, Sigma Chemical Company, St. Louis, MO, USA), directly in Tris-HCl buffer (pH ¼ 7.6). First, the magnetic particle control valve (valve No. 2 in Fig. 1B ) was closed and a non-fluorescent buffer was pumped through the fluid inlet channel to remove all bubbles in the device. Then, the flow was blocked by closing the fluid control valve (valve No. 1 in Fig. 1B) . After opening the magnetic particle control valve, ferromagnetic particles (4 mm diameter, Spherotech, Inc., Lake Forest, IL, USA) were introduced into the chamber by pumping 3-5 ml of magnetic particle suspension (1% w/v) through the magnetic particle channel using a syringe. Then, the magnetic particle control valve was closed, and the fluid control valve was opened. The resulting fluorescent distribution profile over the channel's width was then monitored with rotating or non-rotating magnetic particles. To evaluate the mixing performance, the mixing efficiency was calculated using the mixing efficiency equation.
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Results and discussion
Ferromagnetic particles retain their magnetism and stay in aggregated form even in the absence of the magnetic field. Therefore, the ferromagnetic particles are more advantageous than superparamagnetic particles for active mixing. Because the space above the bead barrier is 3 mm, smaller particles pass through this space. When larger particles (i.e. 7 mm) were used, they were not smoothly rotated in the mixing chamber and some were stuck in the particle inlet channel. For these reasons the proper particle size was 4 mm for the dimensions of this device. The amount of particles in a mixing chamber is also critical for effective mixing. Injection of 3-5 ml of 1% w/v particle solution into the chamber supplied an appropriate amount of particles.
For a given flow rate, the mixing phenomenon is different at different aspect ratio of the channel. When two fluids flow are adjacent to one another in the microchannel, diffusion occurs at the interface of the two fluids. High aspect ratio means large contact area between the fluids, whereas low aspect ratio means a smaller contact area between fluids. In our case, the aspect ratio is 0.0875 in the chamber, and 0.1 in the channel, which is a hard mixing condition.
The NdFeB magnets were placed on the rotor of the stirrer to generate a large enough magnetic field and to rotate particles against the viscous drag force of flow. A field strength of 0.54 T was obtained above the magnets. The magnetic particles were exposed to the external magnetic field, acquiring a magnetic dipole moment and aligning along the magnetic field lines (see Fig. S2 -A in the ESI †). When the NdFeB magnets rotated, the rod structure of the coalesced magnetic particles correspondingly rotated due to a changing magnetic field. The observed dynamics of magnetic chains in a rotating magnetic field has been reported in previous studies. 8, 13, 14 Images were taken at a 0.16 second time intervals to trace the rotational motion of the magnetic particles in the absence of a flow ( Fig. 2A, B, C) . These images clearly show the rod structure of magnetic particles and their rotating. Fig. 2A, 2B show the micro particles rotating at 120 and 200 RPM, respectively. As the rotation speed increased, the length of the rod structures became shorter. When rotating at 500 RPM, the particles did not form the typical rod structure in the chamber but rather formed aggregates (Fig. 2C) . Their irregular shape, relatively larger size, and their irregular motion were beneficial for effective mixing. To study the motion of particles under flow, the flow control valve was opened and the movement of particles was monitored (see Fig. S2 -B in the ESI †). Some of the particles could not withstand the viscous drag of the flow and were pushed against the barrier forming a packed mixer. The remaining aggregates in the chamber displayed controlled magnetic stirring. This means that both passive and active mixing are incorporated in this system. These pushed out particles did not block the barrier opening in this flow rate range. However, at a flow rate higher than 4.8 mm/s, the particles clumped together and did not rotate.
To characterize mixing of two fluids by magnetic particles in this device, fluorescent and non-fluorescent solution were pumped through the respective inlets of the Y-shaped channel at a flow rate of 1.2-4.8 mm/s. As the flows are laminar, mixing is only possible by diffusion. In our system, the diffusion time was calculated to be 71.43 sec by Einstein's formula of Brownian motion. 6 The required mixing distance needed is 86 mm at the minimum flow rate of 1.2 mm/s up to 343 mm at 4.8 mm/s. In the absence of beads, the laminar flow pattern was not mixed by the barrier or chamber structure (Fig. 3A-a-b) . With non rotating magnetic particles in the chamber, the laminar flow pattern was disturbed due to the high random porosity of packed and suspended particles (Fig. 3A-b-b ). Under these conditions two solutions were not completely mixed. The passive mixing is effective in promoting longitudinal rather than lateral mixing. (Fig. 3A-c-b) . A clear difference in mixing performance was obtained between the two cases ( Fig. 3A-b, A-c) . This means that rotation and irregular motion of the magnetic particles in low aspect ratio channel can solve the problem of the poor mixing efficiency seen in the passive mixing of particles. To quantitatively analyze the mixing efficiency, the fluorescent intensity distribution across the channel in transverse direction was measured (Fig. 3B) . The mixing efficiency was almost zero before and after entering the chamber containing no magnetic particles. When the particles were not rotating in the chamber, a mixing efficiency of 66% was obtained. By rotating magnetic particles the mixing efficiency was increased to 96% and this efficiency was generated over a relative short distance (800 mm). This occurs because controlled magnetic stirring promotes chaotic fluid streams with fluctuating longitudinal and lateral mixing.
Conclusions
We presented the design and fabrication of a novel mixing device which uses the controlled stirring of ferromagnetic particles to promote active mixing. Because of the low Reynolds number in the microchannel, active mixing is required to improve mixing performance in a relative short channel length. The dynamic and irregular motion of the particles was observed by rotating NdFeB magnets. Efficient mixing results were obtained at relative fast flow rates (up to 4.8 mm/s). These results indicate that lateral directional mixing is enhanced by the controlled stirring of magnetic particles. Also, this concept overcomes the limits of passive and active mixing. Finally, our device displayed a high efficiency of mixing for larger molecules (similar in size to those present in biological experiments) and in a low aspect ratio system. Since the ferromagnetic particles were coated with a carboxyl group, subsequent surface modifications or attachment of biological materials would be possible, thus increasing the applicability of this microfluidic chip. As these particle are biocompatible and do not contaminate the solution, this mixing method can be applied to various biological fields including glucose sensor, 7 PCR (polymerase chain reaction) and continuous flow fast reaction kinetic study.
